Maize rayado fino virus (MRFV) causes one of the most important virus diseases of maize in America. Severe yield losses, ranging from 10 to 50% in landraces to nearly 100% in contemporary cultivars, have been reported. Resistance has been reported in maize populations, but few resistant inbred lines have been identified. Maize inbred lines representing the range of diversity in the cultivated types and selected lines known to be resistant to other viruses were evaluated to identify novel sources of resistance to MRFV. The virus was transmitted to maize seedlings using the vector Dalbulus maidis, and disease incidence and severity were evaluated beginning 7 days postinoculation.
Maize rayado fino virus (MRFV) is one of the most important virus diseases of maize (Zea mays L.) in parts of Mexico, and Central and South America (8, 15, 21, 33) . Severe yield losses, ranging from 10 to 50% in landrace populations to nearly 100% in some cultivars, have been reported (12, 38, 40) . First described in El Salvador (11) , the disease is often found in plants co-infected with corn stunt spiroplasma (CSS; Spiroplasma kunkelii) and maize bushy stunt phytoplasma (MBSP; 'Candidatus Phytoplasma astris' subgroup 16SrI-B). Together, the three pathogens form an aggressive disease complex known as "achaparramiento" or red stunt (28) .
MRFV is the type member of the genus Marafivirus. Virus particles are icosahedra approximately 30 nm in diameter (14) . The virus genome is a 6,305 nucleotide monopartite, single stranded, positive sense RNA (18) . Genetic variation among MRFV populations has been described, with four groups or races occurring in the Americas (6) . In nature, MRFV is transmitted by the corn leafhopper Dalbulus maidis (Homoptera: Cicadellidae), and it replicates in both its host plant and insect vector (13) . Nymphs and adults can transmit MRFV to plants, but the virus is not transmitted transovarially. The latent period between virus acquisition and subsequent transmission by vectors is temperature dependent, and varies from 8 to 37 days. Under experimental conditions, MRFV also can be transmitted by the leafhoppers D. elimatus, Stirellus bicolor, and Graminella nigrifrons. The disease is not transmitted by seed (29) . Typical disease symptoms appear on young leaves as small chlorotic spots that become elongated and more numerous along leaf veins with age (14, 37) . Susceptible plants infected at early developmental stages are reduced in height and develop ears with few or no seed, resulting in yield reduction (15, 40) .
There have been several attempts to identify sources of genetic resistance to MRFV since the identification of the virus in Central America (11) . Several hundred cultivars, from landraces to inbred lines, have been reported as susceptible to MRFV infection, but only three tropical accessions, Saint Croix, INIAP176, and CML459, were identified as resistant (3, 10, 29, 32, 37, 39) . Saint Croix and INIAP176 are open pollinated cultivars, complicating the use of this germplasm for genetic analysis. Although CML459 is a highland inbred line, no mapping populations using this line are available. The objective of this study was to identify novel sources of resistance to MRFV in a set of tropical and temperate inbred lines that will support further genetic analysis and that may be directly used in breeding programs.
Materials and Methods
Maize germplasm. Seeds of 36 maize accessions were obtained from the North Central Regional Plant Introduction Station (NCRPIS) and the International Maize and Wheat Improvement Center (CIMMYT), or were maintained by the USDA, ARS Corn, Soybean and Wheat Quality Research Unit (CSWQRU) in Wooster, OH as indicated in Table 1 . Accessions were selected based on the availability of mapping populations and/or resistance to other virus diseases, with most of the selected genotypes corre-sponding to the founders of the Nested Association Mapping (NAM) population (27, 41) . The susceptible genotypes Spirit (Syngenta, ID) and B73, and the resistant cultivars Saint Croix (PI484036), INIAP180 (derived from INIAP-176), and CML459 were used as controls.
Virus isolate and insect vector. The sweet corn hybrid Spirit was used for virus maintenance. A MRFV isolate collected in Texas by Bradfute and others (2) was used. The isolate was stored in liquid nitrogen, then transmitted to germinating maize kernels using vascular puncture inoculation (22, 26) , and subsequently maintained by serial transmission to maize seedlings using a D. maidis colony originally collected from California (29) . Viruliferous D. maidis were obtained by allowing adults reared on healthy maize to feed on MRFV-infected plants for 26 days before being used for inoculation (3, 37) .
Evaluation of maize responses to MRFV. Single seeds of each accession were planted into 16.4 × 2.5 cm "Cone-tainers" (Stuewe and Sons Inc., Tangent, OR) containing greenhouse soil (Potting Mix, Lawn Products Inc., Marysville, OH). Six days after planting, 10 uniform seedlings of each accession were selected and randomized in an alpha-lattice design (described below) distributed among four 30.5 × 30.5 cm racks (Stuewe and Sons), each holding 90 seedlings. Each rack was placed into a Dacron cage (24) along with 10 Spirit seedlings. Then, 500 viruliferous D. maidis were introduced in each cage for an inoculation access period (IAP) of 7 days in a growth chamber (12 h light/dark periods at 25°C, with 600 µmol·m ). After the IAP, plants were fumigated and transferred to a growth chamber under similar conditions for symptom development.
Symptom evaluation. Following the end of the IAP, which was defined as 0 days postinoculation (dpi), disease incidence and severity were observed daily and recorded at 7, 14, and 21 dpi. Incidence was estimated based on the number of plants for each accession showing symptoms, and severity was evaluated on the two uppermost leaves of individual plants using a 6-point scale: 0, no symptoms; 1, chlorotic spots covering <25% of the leaf surface; 2, bright chlorotic spots and short stripes covering 25 to 50% of the leaf surface; 3, bright chlorotic spots and stripes on 50 to 75% of the leaf surface; 4, bright chlorotic spots and stripes covering more than 75% of the leaf surface; and 5, a previously symptomatic plant that died ( Fig. 1 ; see online version for color images). The area under the disease progress curve (AUDPC) was calculated from the incidence data on the 10 plants of each genotype at 7, 14, and 21 days after IAP. Disease severity indices (DSI) were calculated from the severity ratings at 21 dpi using the formula (16) MRFV detection with ELISA. The presence of MRFV in putatively resistant accessions was evaluated using enzyme-linked immunosorbent assay (ELISA). Ten seedlings of each accession were inoculated and evaluated for symptom development as outlined above. B73, Spirit, Oh28, and Saint Croix were included as susceptible and resistant controls. At 21 dpi, leaf samples (0.15 g) were taken from the youngest expanding leaf, pooled by accession, and stored at -20°C prior to analysis. Protein A sandwich (PAS)-ELISA was carried out as previously described (9), using MRFV antisera (2) at a 1:2,000 dilution. Absorbance of the samples and the concentration of virus were determined as previously described for Maize fine streak virus (36) . The experiment was replicated four times.
Experimental design and data analysis. An incomplete block design (alpha-lattice) (1,30) with three replications was used to evaluate the incidence, severity, and AUDPC of MRFV for the 36 maize accessions. To accommodate the size of transmission cages, each replication was divided into four incomplete blocks containing 10 individuals for each of nine accessions plus 10 susceptible controls. Analysis of variance (ANOVA) for incidence, severity, AUDPC, and DSI were calculated using the PROC MIXED function of SAS (SAS Institute, Inc., Cary, NC). Maize accession was a fixed factor, and replicate and block were treated as random factors. ELISA responses were analyzed using PROC GLM. Means separations between genotypes were estimated using Tukey's test (P = 0.05). Pearson correlation analysis was used to assess the relationship between the variables in pair-wise comparisons.
Inheritance of resistance. To evaluate the inheritance of resistance to MRFV, 40 F 1 and 100 F 2 seedlings from single ears derived from an Oh28 × Oh1VI cross, as well 30 Oh28 and Oh1VI seedlings were inoculated and evaluated for symptom incidence and severity as outlined above. Data presented are for two independent replications, with seedlings that died without developing disease symptoms being removed from the analysis. For disease incidence in the F 2 population, a chi-square test was conducted to assess significance of Mendelian segregation ratios.
Results

Responses of maize accessions to inoculation with MRFV.
The first disease symptoms in susceptible control genotypes were observed between 4 and 5 dpi. A large proportion (75 and 77%, respectively) of Spirit and B73 seedlings became symptomatic, with a disease severity rating of 2 at 7 dpi (Figs. 1 and 2 ). Incidence and severity were similar in both susceptible lines at all rating dates, indicating the disease transmission protocol was effective. Disease incidence and severity in susceptible controls did not increase after 7 dpi and 14 dpi, respectively (Fig. 2) . For all lines, incidence and severity were rated up to 21 dpi, in order to detect late developing infections. However, problems with longer-term maintenance of the plants under the growth chamber conditions required by APHIS permits prevented ratings beyond 21 dpi. Incidence and severity at 7, 14, and 21 dpi were significantly correlated (P < 0.0001), suggesting this period was sufficient for disease evaluation.
There was significant genetic variation (P < 0.001) among the 36 maize accessions at 21 dpi for incidence, severity, AUDPC, and DSI ( Table 1 ). The residual plots of the variance indicated a linear relationship between the observed and predicted residuals, and no clear pattern for the plots involving standardized residuals. In addition, distribution of variable means for the accessions resembled a normal distribution (data not shown). Thus, homogeneity of variance and normal distribution were assumed. Although adjusted means were estimated from the alpha lattice design, the means for three replications are presented since there was no difference in the ranking of the resistant genotypes using calculated or adjusted means. Incidence, severity, AUDPC, and DSI were highly correlated (P < 0.001), with correlation coefficients ranging from 0.6 to 0.9, suggesting that the most susceptible and most resistant accessions would be identified using incidence, severity, AUDPC, or DSI (data not shown). In particular, AUDPC and DSI were highly correlated (correlation coefficient of 0.95, P < 0.0001). The ranking of resistant accessions for these two traits did not differ (Table  1) , so further discussion will be limited to the AUDPC trait. Fig. 1 . Symptom severity scale used to evaluate the response of maize seedlings to inoculation with Maize rayado fino virus (MRFV). In the 0 to 5 scale, 0 = no symptoms, 1 = chlorotic spots encompassing 0 to 25% of the two upper leaves; 2 = bright chlorotic spots and short stripes covering between 25 and 50% of the two upper leaves; 3 = vivid chlorotic spots and stripes along the leaf veins, covering between 50 and 75% of the two upper leaves; 4 = intense stripes covering more than 75% of the two upper leaves; and 5 = dead plant after being scored as symptomatic.
Most of the accessions became infected with MRFV. While the susceptible controls B73 and Spirit had high symptom incidence and severity, fewer than 5% of seedlings in accessions previously identified as resistant (INIAP-180, CML459, and Saint Croix) became symptomatic, and severity ratings for these lines were ≤1.0. Similarly, susceptible controls had AUDPC values of 36.0, and resistant controls had AUDPC values of 1.8 or less. Thus, the controls behaved as predicted from previous disease resistance tests (3, 37, 39) . Disease incidence in CML103, Ms71, Oh28, CML228, Pool12, HP301, P39, CML247, Tx303, M37W, Ki3, Oh7B, NC350, IL14H, NC358, CML277, B97, M162W, CML322, and Pool11 was similar to that in susceptible controls (P > 0.05). Disease incidence, severity, and AUDPC scores ranged from 30 to 96%, 2.1 to 4.3, and 10.6 to 36.4, respectively, in this group of accessions. Although CML202, Tzi8, DR, Mo18W, CML69, CML52, and CML333 had significantly lower disease incidence and AUDPC scores than the susceptible controls, disease severity in these accessions was similar to the susceptible controls (Table  1 ). In contrast, in accessions Ki11, INIAP-180, and Oh1VI, symptom incidence was less than 10%, mean severity ratings were less than 0.7, and AUDPC scores were less than 2.1, significantly lower than those in the susceptible controls. Further, CML287, CML459, Cuba, and Saint Croix developed no disease symptoms during the 21-day rating period (Table 1) .
A semi-quantitative PAS-ELISA was used to confirm that MRFV was not present in putatively resistant lines. Virus concentrations in the upper noninoculated leaves indicated significant MRFV concentrations in the susceptible controls (Fig. 3 ). In contrast, CML287, Cuba, Oh1VI, and Saint Croix were similar to noninoculated control plants in this assay. These results indicated that virus was not detected in accessions with few or no symptoms.
Inheritance of resistance to MRFV in Oh1VI. Only a few seedlings of F 1 plants derived from a cross of Oh1VI × Oh28 developed limited disease symptoms during the 21-day evaluation period after MRFV inoculation (Table 2) . In these experiments, 23% of F 2 seedlings developed symptoms. The mean severity ratings for symptomatic F 1 and F 2 plants were 1.7 and 2.8, respectively. Infection and disease severity in the parental lines were similar to the previous experiment (Table 1) , with Oh1VI developing no disease symptoms, and 61% of Oh28 seedlings developing symptoms with a severity rating of 3.3 in symptomatic plants (Table 2). For 200 F 2 seedlings inoculated over two replications, 18 died prior to 21 dpi without developing disease symptoms, and these were removed from the analysis. Of the remaining plants, 140 developed no symptoms and 42 developed symptoms with an average severity rating of 2.8. The observed healthy:symptomatic ratio was consistent with a 3:1 or 13:3 segregation ratio in chisquare tests (P value > 0.1), but differed from 15:1, 7:5, and 9:7 segregation ratios (P value < 0.0001).
Discussion
MRFV is one of the most important virus diseases affecting maize in the Americas, from Argentina to the southern United States (15, 21, 33) . The impact of the disease is greater in the highlands of Mexico and in Central and South America, where it is usually present as a disease complex called "achaparramiento" or red stunt (39) . The complex is caused by the presence MRFV and two additional pathogens, CSS and MBSP (15, 17) . A number of CSS-and MBSP-resistant cultivars are available (4, 35, 39) , but genotypes resistant to MRFV are scarce. Only a few MRFV-resistant lines have been identified, and the genetic basis of resistance has not been described (3, 39) . One reason for this lack of information is the heterogeneous nature of previously identified sources of resistance. For example, Saint Croix (landrace) and INIAP176 (open pollinated) are outcrossing populations, making genetic analyses difficult, and no recombinant populations derived from inbred lines (e.g., CML459) suitable for genetic analysis are available. In this study, we identified several new sources of MRFV resistance in maize germplasm, and determined that resistance in one inbred line is likely to be the result of one or a few resistance genes.
The susceptible responses of B73 and Spirit to inoculation with MRFV were expected based on previous results indicating little resistance to the virus in temperate germplasm (23, 37) . MRFV resistance in Saint Croix and CML459 was confirmed, with no symptoms developing on either genotype under growth chamber conditions. Comparison of these results with those of previous studies, in which relatively high ELISA values were reported in Saint Croix and a few plants developed mild symptoms of CML459 late in infection (39) , suggest that environment plays a role in MRFV resistance in these accessions.
Most of the lines tested were susceptible to MRFV, with incidence ranging from 20 to 96%. The tropical lines Ki11 and CML333, which were included as founders of the NAM population, had an intermediate response to MRFV inoculation with disease incidence of 10 and 14%, respectively (Table 1) ; however, disease severity in CML333 was not different from the susceptible controls. It remains to be determined whether these intermediate responses are a result of partial resistance to the virus, resistance to insect inoculation, or some mechanism that reduced transmission rates in these lines. Although Ki11 × B73 and CML333 × B73 populations could be used to map the location of loci conferring resistance, the intermediate responses to MRFV inoculation could reduce the power for QTL detection. Additionally, incomplete resistance phenotypes are usually conditioned by many loci with small effects (31) , which are less amenable to manipulation in a breeding context. Nonetheless, the availability of linkage maps, genotypic data, and available recombinant inbred populations derived from these lines could be valuable for understanding MRFV resistance, especially in combination with mapping in other populations derived from highly resistant lines.
Novel sources of resistance to MRFV identified in the inbred lines Oh1VI, CML287, and Cuba were highly resistant to MRFV with ELISA responses and symptom development similar to healthy noninoculated control plants (Fig. 3) . Interestingly, all lines identified as highly resistant in this study were derived from germplasm originating in the Caribbean. Oh1VI and Saint Croix were developed or collected from the Virgin Islands (3, 25) , and Cuba was derived from a Cuban open pollinated population (M. G. Redinbaugh, unpublished results). CML287 is derived from CIMMYT population 24, originally developed from germplasm collected in eastern Mexico and Antigua (7). INIAP180 was derived from the MRFV-resistant open pollinated variety INIAP176 (3), and has germplasm from the highlands of El Salvador, Guatemala, and Honduras, in its genetic background (5) . Notably, Oh1VI is resistant to Maize chlorotic dwarf virus (19) , Maize dwarf mosaic virus and Sugar cane mosaic virus (20) , Maize fine streak virus (34) , and Maize necrotic streak virus (23) . These observations suggest the importance of Central American and Caribbean maize germplasm as sources of resistance to viral diseases.
Resistance to MRFV conferred by Oh1VI was successfully transmitted to F 1 and F 2 progenies. Symptom development in F 1 plants was similar to the resistant parent, suggesting resistance may be dominant. Resistance segregated in the F 2 population consistently with 3:1 and 13:3 segregation ratios (Table 2 ). However, because of the relatively small number of F 2 plants tested, it is possible that disease escapes may have interfered with determining the ratio of resistant to susceptible plants. If MRFV transmission to F 2 plants was the same as that observed for Oh28 (61%), and we therefore assumed a disease escape rate of 39%, then the observed segregation would fit both 7:5 and 9:7 segregation ratios (P > 0.1). While it is not possible to identify the number of genes involved in MRFV resistance from these experiments, our results suggest that one or two gene models are sufficient to explain the resistance conferred by Oh1VI. Further analysis to identify and map gene(s) conferring resistance to MRFV will be required to provide more definitive information.
It is not known whether the resistance sources identified in this study will be effective against all described MRFV isolates (6). However, previously identified MRFV-resistant lines had similar responses to the U.S. isolate used in this study and the Mexican or Costa Rican MRFV isolates used in other studies (3, 39) . The isolate used for these studies was originally collected from Texas, where MRFV isolates were subsequently shown to belong to the same phylogenetic group as those from Mexico and Central America (6) , and this could explain the similar responses. It would be of interest to determine whether resistance to phylogenetically distinct isolates from South America follows a similar pattern. In summary, we have confirmed previously reported sources of resistance to MRFV and identified three resistant maize inbred lines that could be directly used in national programs for development of maize hybrids or open pollinated varieties with increased resistance to MRFV. 
